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 
Abstract—In this paper, a reduced order thermal 
observer with disturbance estimation is applied for 
temperature monitoring in a power electronics module. 
Although accurate thermal models of power electronics 
assemblies are widely available, based e.g. on 
computational fluid dynamics (CFD) solvers, their 
computational complexity hinders the application in real-
time temperature monitoring applications. This paper 
proposes a reduced order state space observer to provide 
a real-time estimation of temperature in power electronics 
modules. The observer is coupled with a disturbance 
estimator, to minimize the error caused by uncertainties in 
the model and unknown operating conditions.  
 
Index Terms— reduced-order observer, thermal, 
disturbance estimation, power modules. 
I. INTRODUCTION 
DVANCES in modern power electronics have resulted in 
fast paced expansion in the areas of generation, 
transmission, distribution, and end-user consumption of 
electrical power [1]. In these new systems, the reliability of 
the power electronics is a challenge [2-4], especially in 
applications with strong safety requirements (e.g. aerospace 
and automotive) or where continuous operation is required to 
avoid costly maintenance (e.g. renewable energy). These 
applications provide specific challenges concerning reliability 
due to the requirement that they operate continuously for long 
periods of time in harsh environment without user intervention 
[5]. The effects of operating temperature and temperature 
cycling on converter reliability are well documented [6-7]. 
Lifetime of components decreases exponentially with an 
increase in temperature [8-9]. It is also well known that 
thermo-mechanical failure modes in devices and packaging 
are accelerated by temperature cycling. 
Health management and reliability constitute a fundamental 
part of the design and development cycle of electronic 
products [10-12]. To ensure reliability, the thermal 
management of power converters has become an essential part 
of the convertor design process [13-16]. This change has been 
further driven by the strong desire for higher power density 
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[17-18], increased efficiency power electronics systems. 
Accurate knowledge of power device die temperature is 
critical to the implementation of control and health 
management algorithms which have been proposed to monitor 
and extend the lifetime of power modules under in-service 
conditions [19].  
Temperature variation can also be reduced using 
dynamically controlled cooling [20-21]. To achieve this, a 
suitable model of the cooling system behaviour must be 
available. To perform this analysis, a range of design 
variables, such as inlet air temperature, velocity of the air 
flow, material composition of the power modules, and the 
geometry of the assembly, must be considered.  Examples of 
methods used to perform thermal analysis in power electronics 
include computational fluid dynamics (CFD), compact thermal 
model, and empirical lumped element model. Of the methods 
above, CFD can be used to simulate conductive and 
convective heat transfer simultaneously, providing the most 
accurate and detailed temperature distribution of the power 
electronic system under consideration. The high fidelity nature 
of the model this technique results in it being the most 
computationally intense, making it unsuitable for applications 
such as dynamic control where real-time execution are 
required.  
A vast literature has been published on real-time 
temperature estimation in power electronics devices. The 
simplest methods rely on open-loop estimations which predict 
the devices temperature based on loss and thermal models 
[22]. The accuracy of these models and the sensitivity to 
uncertainties in operating conditions, e.g. cooling and ambient 
temperature, or device parameters, might affect the accuracy 
of estimation. Closed-loop estimation methods using observers 
have been proposed to address some of these drawbacks. 
Examples of thermal observers which have been developed 
and analysed can be found in [23-25].  A full-order 
temperature observer for a 1D Cauer thermal network is 
proposed in [23] to provide an estimation of the junction 
temperatures, given the power dissipation and ambient 
temperature. A complex 3D thermal network in conjunction 
with two observers to estimate temperature at fast and slow 
timescale, respectively, is presented in [26]. Although very 
accurate, these methods rely on the direct measurement of 
device temperature used in the feedback loop, which might be 
impractical in most applications. Uncertainties due to 
unknown coolant flow rate and parameters might also be 
difficult to address. [27] describes a parameter-changing 
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observer for the estimation of the coolant temperature.  
In order to implement a full-order closed loop observer it is 
necessary to supply some form of feedback. Full-order 
observers use the measurements of some of the states of a 
dynamical system to reconstruct the other not directly 
measured states. In cases where it is not necessary to estimate 
all states, e.g. when some of them are directly measured, a 
reduced-order observer may be used. In this paper, the use of a 
reduced-order observer is proposed to estimate the 
temperature of the power devices assuming that the 
temperature in a nearby location on the module substrate is 
directly measured using a temperature sensor (thermistor). 
The main contribution of this paper is to include a closed-
loop compensating mechanism in the thermal observer to 
reduce the effects of uncertainties in parameters, errors in the 
estimation of power losses and/or due to unknown boundary 
conditions, e.g. coolant flow rate. This additional feedback 
mechanism, implemented in a reduced-order observer, uses 
the temperature measurement of the inlet air and of a 
thermistor mounted on the power module substrate. 
The remainder of this paper seeks to propose a method of 
achieving improved temperature predictions and is structured 
in the following way: In Section II, the structure of the power 
module used as a test vehicle in this work is introduced. In 
Section III, the structure of the lumped parameter model, and a 
method of parameter estimation is introduced. In Section IV, 
closed loop reduced order observer is developed based in the 
estimated parameters. In Section V, the time-domain 
disturbance observer is developed which improves model 
accuracy in the presence of power dissipation/air flow/air 
temperature errors. Finally in Section VI experimental data is 
presented to demonstrate the operation of the developed 
models under both DC and AC conditions respectively. 
I. POWER MODULE 
(a)   
(b)        
(b) 
Fig 1. Single I2MPECT power module. (a) Top view; (b) cut iso 
view. 
 
The power module used in this work is a Silicon Carbide 
(SiC) MOSFET-based half-bridge. Based on innovative wire-
bond free planar interconnect technology [28-29], the module 
has been designed and manufactured by Siemens AG, within 
the Horizon2020 European Project - Integrated, Intelligent 
Modular Power Electronic Converter (I2MPECT)[30],  to 
provide a power electronic building block (PEBB) for a 99% 
efficient 3-phase power converter with a power-to-weight ratio 
of 10 kW/kg. Fig 1 shows CAD drawings of the half-bridge 
wirebond-less power module. Twelve MOSFETs are sintered 
using a silver sintering paste onto the direct copper bonded 
(DBC) substrate. Two thermistors (PT1000), indicated as 
Sensors A, B in Fig. 1, are mounted on the DBC for 
temperature feedback. The module is primarily cooled via the 
baseplate, which is designed to be mounted to an air cooled 
heatsink via a thermal interface material.  
II. THERMAL MODELLING 
A thermal model of the power module and heatsink is 
established based on a Foster-type resistor-capacitor (RC) 
network as shown in Fig. 2. A coupled electro-thermal model 
is used to evaluate the losses in realistic operating conditions 
for the converter.  This simplified RC compact thermal model 
is capable of taking into account lateral heat dissipation within 
the module and thermal interference between MOSFETs and 
the embedded PT1000 thermistor used as temperature sensor 
on the module baseplate. As shown in Fig. 2, the MOSFET 
losses are dissipated to the ambient via a third-order Foster 
network (𝑅1𝐶1 to 𝑅3𝐶3). The temperature Sensor ‘B’ is 
thermally connected to the ambient via a first-order foster 
network (𝑅4𝐶4). The resistance 𝑅𝑗𝐵, represents the thermal 
conduction between the device and temperature sensor. 
Therefore, the thermal network is of fourth order, making it 
relatively simple from a computational viewpoint and suitable 
for real-time application in a temperature monitoring system. 
The device junction temperature 𝑇𝑗 = 𝑋1 + 𝑋2 + 𝑋3 + 𝑇𝑎𝑖𝑟 , 
where 𝑋1,2,3 are the temperature rises across the respective 𝑅𝐶 elements. The lumped network could be replicated for 
each of the devices in the power module. For simplicity, in the 
following, only one network will be used to represent only the 
hottest device (MOS11).  Power losses can be calculated using 
standard methods for the estimation of conduction and 
switching losses in PWM inverters [31] using temperature-
dependent device characteristics [32]. The 𝑅𝑖, 𝐶𝑖 parameters 
have been estimated using a parameters identification 
procedure based on CFD analyses. In particular, the model of 
a complete three-phase converter has been established in 
ANSYS Icepak CFD tool as shown in Fig 3. The three power 
modules are mounted on a forced air-cooled parallel plate 
finned heatsink and the transient response to a step increase in 
power dissipation, is calculated. The inlet air temperature of 
the ANSYS Icepak model is 40℃ with a fixed air flow rate of 
4m/s. The three power modules are mounted on a forced air-
cooled parallel plate finned heatsink and the transient response 
to a step increase of 450W in power dissipation, equally 
distributed across the 3 × 12 devices is calculated, as shown 
in Fig. 4. The results of this parameters extraction method are 
also shown in Fig. 4 demonstrating a good agreement between 
the CFD reference and the lumped parameter network. The 
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parameters resulting from the identification procedure are 
listed in the Appendix.  
 
Fig 2. Lumped parameter thermal network.  
 
Fig 3. Model Simulation using ANSYS Icepak 
 
Fig 4. Transient thermal response for model parameter 
estimation  
Using the derivation in the Appendix, the thermal model 
can be written in the state-space form as:  ?̇?  =  𝐴𝑥 +  𝐵𝑢   
(1) 𝑦  =  𝐶𝑥   
where x is the vector of states, y is the state outputs (𝑇𝑗 
and 𝑇𝐵), u is the vector of inputs, A is the state matrix, B is the 







𝐶 = [1 1 1 00 0 0 1] 𝑢 = [𝑃𝑙𝑜𝑠𝑠𝑇𝑎𝑖𝑟 ] 
𝑥 = [   
 𝑥1𝑥2𝑥3…𝑥4]  
  = [ 𝑥𝑀𝑂𝑆⋯𝑥𝑆𝑒𝑛𝑠𝑜𝑟] 




   
  − 1𝐶1 ( 1𝑅1 + 1𝑅𝑗𝐵) − 1𝐶1𝑅𝑗𝐵 − 1𝐶1𝑅𝑗𝐵− 1𝐶2𝑅𝑗𝐵 − 1𝐶2 ( 1𝑅2 + 1𝑅𝑗𝐵) − 1𝐶2𝑅𝑗𝐵− 1𝐶3𝑅𝑗𝐵 − 1𝐶3𝑅𝑗𝐵 − 1𝐶3 ( 1𝑅3 + 1𝑅𝑗𝐵)]  
   
  
 
𝐴21 = [ 1𝐶4𝑅𝑗𝐵 1𝐶4𝑅𝑗𝐵 1𝐶4𝑅𝑗𝐵] 𝐴12 = [ 1𝐶1𝑅𝑗𝐵 1𝐶2𝑅𝑗𝐵 1𝐶3𝑅𝑗𝐵]𝑇     𝐴22 = [− 1𝐶4 ( 1𝑅4 + 1𝑅𝑗𝐵)] 
𝐵1 =
[  
   
 1𝐶1 01𝐶2 01𝐶3 1𝐶3 ( 1𝑅3 + 1𝑅𝑗𝐵)]  
   
              𝐵2 = [0 1𝐶4 ( 1𝑅4 + 1𝑅𝑗𝐵)] 
III. REDUCED ORDER OBSERVER OF THERMAL MODEL  
    The model (1) could be used as an open-loop estimator of 
device temperature if the inputs, i.e. ambient temperature and 
power losses, and the parameters of the network are accurately 
estimated. This accurate knowledge of environmental 
conditions and parameters is rarely possible in practical 
applications. The paper proposes the use of an observer which 
provides a correction feedback mechanism which tries to 
correct the errors due to imprecise knowledge of conditions, 
inputs and parameters, e.g. caused by changes in the inlet air 
temperature and airflow rate and modelling errors e.g. in the 
estimated power loss and estimated thermal parameters.  
A full-order observer, based on the thermal model discussed 
in Section II, can be written in state-space form as:  ?̇̂?(𝑡) = 𝐴?̂?(𝑡) + 𝐵𝑢(𝑡) + 𝐿(𝑦(𝑡) − ?̂?(𝑡))  
(3) ?̂?(𝑡) = 𝐶?̂?(𝑡) 
Where?̂?(𝑡) is the estimated state of the system, ?̂?(𝑡) is 
observer output (estimated MOS junction temperature and 
estimated sensor temperature) and 𝐿 is the gain of observer. 
An observer is a dynamic system, designed to be an 
approximate replica of the real system, used to estimate the 
states of the real system. The observer is driven by the same 
inputs (MOS power loss and inlet air/ambient temperature) as 
the real system, with an additional correction term that is 
derived from the difference between the actual measurement 𝑦 
from the real system and predicted output ?̂? derived from the 
observer [23]. The correction term is composed of the error 𝑦 − ?̂? and feedback matrix or gain. Consequently, an observer 
uses the difference between the measurement and prediction to 
improve prediction accuracy. 
Due to the fact that there are no temperature sensors on the 
MOS chip, the state temperature cannot be measured directly. 
However, the module does incorporate two PT1000 
thermistors used as temperature sensors attached to the DBC 
substrate. Therefore, the temperature of this sensor can be 
directly measured and does not need to be estimated. In this 
case, a reduced-order observer will suffice [33-34]. For the 
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thermal model analysed in the paper, the full system has 4 
states (𝑋1, … , 𝑋4) however, one of them (𝑋4) can be measured 
directly as it represents the sensor temperature, therefore a 
reduced order observer with only 3 states is necessary. The 
derivation of the reduced-order observers is obtained by 
partitioning the state vector into two sub-states: 𝑥 = [ 𝑥𝑀𝑂𝑆⋯𝑥𝑆𝑒𝑛𝑠𝑜𝑟]    
 (4) 𝑥𝑆𝑒𝑛𝑠𝑜𝑟 = 𝑦 = 𝐶𝑥 = ?̂?𝑠𝑒𝑛𝑠𝑜𝑟  
Where 𝐶 = [0 𝐼] is the observation vector (of dimension 
m=1) and 𝑥𝑀𝑂𝑆 (of dimension 3) comprises the component of 
the state vector that cannot be measured directly. The 
assumption that 𝑦 = 𝑥𝑆𝑒𝑛𝑠𝑜𝑟  makes the resulting equations 
simpler, but it is not necessary. Equivalent results can be 
obtained for any observation matrix 𝐶 of rank m. In terms of 𝑥𝑀𝑂𝑆 and 𝑥𝑆𝑒𝑛𝑠𝑜𝑟  the plant dynamics [33-34] are written as: ?̇?𝑀𝑂𝑆 = 𝐴11𝑥𝑀𝑂𝑆 + 𝐴12𝑥𝑆𝑒𝑛𝑠𝑜𝑟 + 𝐵1𝑢  
 (5) ?̇?𝑆𝑒𝑛𝑠𝑜𝑟 = 𝐴21𝑥𝑀𝑂𝑆 + 𝐴22𝑥𝑆𝑒𝑛𝑠𝑜𝑟 + 𝐵2𝑢 ?̂?𝑠𝑒𝑛𝑠𝑜𝑟 = 𝑥𝑆𝑒𝑛𝑠𝑜𝑟 = 𝑦 (6) 
For the remaining sub-states, we define the reduced-order 
observer by: ?̂?𝑀𝑂𝑆 = 𝐾𝑦 + 𝑧 (7) 
Where 𝑧 is the state of a system of order  𝑚 = 3 : ?̇? = ?̂?𝑧 + 𝐿𝑦 + 𝐻𝑢 (8) 
A block-diagram representation of the reduced-order 
observer [33] is shown in Fig 5. 
 
Fig 5. Reduced-order observer 
It is necessary to ensure the convergence of the temperature 
estimation error  𝑒𝑀𝑂𝑆 = 𝑥𝑀𝑂𝑆 − ?̂?𝑀𝑂𝑆 to zero. From the 
above equations:  ?̇?𝑀𝑂𝑆 = ?̂?𝑒𝑀𝑂𝑆 + (𝐴11 − 𝐾𝐴21 − ?̂?)𝑥𝑀𝑂𝑆   
(9) +(𝐴12 − 𝐾𝐴22−𝐿 + ?̂?𝐾 )𝑥𝑆𝑒𝑛𝑠𝑜𝑟 + (𝐵1 − 𝐾𝐵2 − 𝐻)𝑢 
A sufficient condition for the error to converge to zero is to 
choose the matrices to satisfy [33-34]: ?̂? = 𝐴11 − 𝐾𝐴21  
 
(10) 
𝐿 = 𝐴12 − 𝐾𝐴22 + ?̂?𝐾 𝐻 = 𝐵1 − 𝐾𝐵2 
    When the conditions shown in (10) are all satisfied, the 
error in estimation of 𝑥𝑀𝑂𝑆 is given by 
?̇?𝑀𝑂𝑆 = ?̂?𝑒𝑀𝑂𝑆 (11) 
Therefore the gain matrix K should be chosen to make the 
eigenvalues of ?̂? = 𝐴11 − 𝐾𝐴21 lie in the open left-half plane. 
Additionally, 𝐴11 and 𝐴21 in the reduced-order observer take 
the roles of 𝐴 and 𝐶 in the full-order observer; once the gain 
matrix 𝐾 is chosen, there is no further freedom in the choice of 𝐿 and 𝐻. 
IV. TIME-DOMAIN DISTURBANCE ESTIMATION  
Device junction temperature depends not only on power 
dissipation but also on environmental conditions such as 
changes in ambient temperature, e.g. caused by heating of 
nearby devices mounted on the same cooling system, or 
changes in coolant flow rate. Changes in inlet air temperature 
and air flow will introduce an error between the estimated and 
real MOSFET temperature. To reduce estimation errors 
between the real value and reference values, a state observer 
may be used. Power losses are assumed to be subject to an 
estimation error, a disturbance estimation will be introduced to 
estimate and compensate this error. The so-called unknown 
input observer (UIO) have been evaluated in [34-37]. In this 
case, a typical state space model used for the UIO is  ?̇?  =  𝐴𝑥 +  𝐵𝑢 +  𝐵𝑑𝑑  
(12) 𝑦  =  𝐶𝑥 
where x is the vector of states, 𝑦 is the vector of measures 
(𝑇𝐵), 𝑢 is the vector of known inputs, representing the 
monitored air temperature, d is the vector of unknown inputs, 
representing the power loss estimation. 𝐴 is the state matrix, 𝐵 
is the input matrix, 𝐶 is the observation matrix and 𝐵𝑑  is the 
unknown input matrix. Consequently, an UIO design is 
investigated for a linear system in (12). The general 
expression of the UIO [36] is ?̇? = −𝑁𝐵𝑑(𝑧 + 𝑁𝑥) − 𝑁(𝐴𝑥 + 𝐵𝑢)  
(13) ?̂? =  𝑧 + 𝑁𝑥 
Where 𝐵𝑑 = [ 1𝐶1 1𝐶2 1𝐶3 0]𝑇and 𝑁 the observer gain 
matrix need be designed. Consequently, the estimation error is  𝑒 = ?̂? − 𝑑 (14) 
And error dynamic is ?̇? = ?̇? + 𝑁?̇? − ?̇?  
 
(15) 
= −𝑁𝐵𝑑?̂? − 𝑁(𝐴𝑥 + 𝐵𝑢) + 𝑁(𝐴𝑥 + 𝐵𝑢 + 𝐵𝑑𝑑) − ?̇? = −𝑁𝐵𝑑(?̂? − 𝑑) − ?̇? = −𝑁𝐵𝑑𝑒 − ?̇? 
Where ?̇? is zero in this model and the error dynamic 
equation can be rewritten as ?̇? = −𝑁𝐵𝑑𝑒 (16) 
It is shown that the disturbance estimation error system is 
stable if the observer gain matrix is chosen to make −𝑁𝐵𝑑  
stable, i.e. a matrix whose eigenvalues have strictly negative 
real part [38-40]. When the disturbance estimation error 
system reaches steady state, ?̇? equals to zero and 
consequently, 𝑒 equals to zero. 
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Fig 6. Thermal model with UIO disturbance estimation 
The concept of disturbance estimation is illustrated in the 
block diagram of Fig 6. Based on equation (13), the relative 
parametric matrices are: 𝑀 = −𝑁𝐵𝑑𝑀 − 𝑁𝐴  
 
(17) 
𝑃 = −𝑁𝐵 𝑄 = −𝑁𝐵𝑑 
 It is assumed that the input power loss is unknown and 
therefore can be assumed to be equal to the output of the 
disturbance estimation 𝑃𝑒𝑠𝑡 . The air inlet temperature at the 
input duct of the heatsink is measured and fed as an input to the 
observer in Fig 6. The estimated loss 𝑃𝑒𝑠𝑡 , at the output of the 
disturbance estimation in Fig. 6 is fed back as an input to the 
reduced-order observer in Fig. 5.  
I. EXPERIMENTAL VALIDATION  
Fig 7 shows the experimental setup used to evaluate the 
discussed models. In this configuration, two resistors were 
used in place of power modules to simplify the construction. 
Both the resistors and power module are connected to DC 
power supplies. Both the two resistors and the power module 
are mounted to the heatsink via thermal pad (Kerafol 
KERATHERM Thermal Pad 6.5W/mK Gap Fill) to ensure 
good heat transfer.  
(a)  
(b)               
(c)    
Fig 7. Experimental layout. (a) Thermal model design; (b) Figure of 
power module and gate drive board; (c) General view of 
experimental rig 
As shown in Fig 7(a), the rig includes four thermocouples, 
positioned in the airflow at the inlet, outlet and in between the 
modules, allowing the air temperature to be monitored, 
although only the inlet air temperature measured by HS1 is 
used in the proposed observer.  
The two embedded temperature sensors within the module 
are also monitored, one of which is the input variable of the 
reduced order observer in Section II. Additionally, a Fibre 
Optic temperature measurement system (Opsens Coresens 
GSX-2-N module and an OTF-F temperature sensor) is used 
to monitor MOSFET die temperature directly for comparison 
with the observer model predictions and validation of the 
proposed methodology [41]. As shown in Fig. 7b, the gate 
driver adapter board mounted on the power module features a 
cutout that allows direct visual and physical access to the three 
of the twelve MOSFETs in the module. The top surface of the 
module is coated with Boron-Nitride paint to provide a high 
emissivity surface for the thermal camera [42].  
The heatsink used in these experiments is a typical hollow-
fin heatsink (Fischerelectronik) with an integrated axial fan, as 





Fig 8. Hollow-fin cooling aggregates. (a) The prototype of heatsink; 
 (b) Cross-section layout of heatsink  
Fig 9 illustrates the influence of airflow on the test platform. 
Here the same peak current of 70A is supplied in all cases. 
The convective boundary condition is affected by the air flow 
rate. Based on the same input power and experiment layout, 
the steady state temperature captured by thermal camera 
shows the effect of the change of the air flow rate on 
convective boundary condition. With an increasing air flow 
rate from 1m/s to 1.5m/s, the maximum temperature of the 
power module in steady state reduces from 103℃ to 94.1℃. 




Fig 9. Steady-State temperature from thermal camera. (a)1m/s for 
peak current of 70A; (b)1.5m/s for peak current of 70A; 
Transient results obtained by testing at different current levels 
are shown in Fig 10. Using the measured inlet ambient 
temperature, the observer model with disturbance estimation 
can accurately predict the MOSFET temperature when 
compared with experimental data under different boundary 
conditions. This is despite the fact that the model parameters 
obtained in Section III are used (which were derived for the 




Fig 10. Comparison between experimental data and estimated 
values. (a) 1m/s for peak current of 70A, 80A and 90A ;(b) 1.5 m/s 
for peak current of 70A, 80A and 90A; (c) Transient error. 
A more complex boundary condition is introduced to test the 
accuracy of the observer. In this test the air flow velocity is 
varied between three different values, furthermore, the DC 
current is also varied between three levels from 70A to 90A 
following the profile shown in Fig 11. 
  
Fig 11. Experimental condition with variable DC current and air 
flow rate.  
In Fig 12(a), excellent data agreement can be found in the 
validating process of reduced-order observer model against 
experiment in the complex condition with time-varying values 
of power loss and air cooling system, confirming the speed 
and accuracy of real-time monitoring as well we health 
management of power modules. A comparison between 
estimated power loss 𝑃𝑒𝑠𝑡  and measured module power per 
chip is shown in Fig 12(b).  
(a)     
(b)  
Fig 12. Comparison between experimental data and estimated 
values with time-varied DC current and transient air flow rate.  
(a) Comparison between estimated and measured MOSFET 
junction temperature; (b) Comparison between estimated power 
disturbance and measured module power per chip. 
It is worth noting that the disturbance observer provides a 
feedback mechanism to compensate the effects of all the errors 
combined, e.g. due to uncertain loss estimation, ambient 
conditions and/or parameters. However, the observer cannot 
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provide an accurate separation of the multiple sources of 
errors and therefore cannot provide an estimation of the losses 
only. In the first validation, DC currents are used as source of 
power losses. These can be easily measured, reducing the 
uncertainties. The second experimental validation, provides a 
more challenging application of the proposed method 
including a relatively complex three-phase converter setup 
which is fully representative of real industrial applications. An 
alternative experiment layout is shown in Fig 13(a). The 
physical assembly of this configuration is shown in Fig 13(b) 
and Fig 13(c). This configuration includes three power 
modules. The module being monitored is mounted in the final 
positon on the heatsink (with respect to the airflow direction). 
The three power modules are driven to generate a three-phase 
AC output current into a three-phase resistive inductive (RL) 
load with a frequency of 200Hz. This configuration also 
differs from the previous tests in the manner in which the 
cooling system was constructed. In this new configuration, 
each module is mounted to an individual heatsink with ducting 
being used to enclose these heatsinks and direct the cooling 
air, with airflow being generated by the fan.  
(a)      
(b)       
(c)         
 (c) 
Fig 13. Diagrams of experimental setup: (a) Diagram of 
Channel/ducting final layout in experiment; (b) Mounting of modules 
on heatsink; (c) Full experimental test rig with three phase inverter  
    The data from the analytical model and experiment (shown 
in Fig 14) were compared to test the behaviour of the 
disturbance estimation observer. The experiment was repeated 
for a range of different peak current ranging from 50A to 90A, 
allowing the model to be evaluated for a range of different 
power losses. The input power losses in the analytical model is 




Fig 14.Comparison with Experimental Module. (a) 50A Peak 
Current; (b) 90A Peak Current; 
    It can be seen in Fig 14 that the transient thermal response 
of the observer model with disturbance estimation can match 
the experimental data both on heating step and cooling step, if 
ambient temperature is available. It is worth noting that 
despite the fact that the model placement and channel layout 
differ from those in the first experiment, both of the analytical 
models are supplied with the same set of parameters from the 
parameter estimation in Section III. From this, it can be 
concluded that the parameters related to the module geometry 
are of substantial importance, whereas parameters pertaining 
to the converter layout have only a negligible effect on the 
model. This knowledge can be used to reduce the amount of 
calculation required when determining these parameters 
considerably.  
I. CONCLUSION 
In this paper, a reduced order observer model with 
disturbance estimation is presented. The parameters used in 
the state-space matrices are obtained from a transient CFD 
model. By considering different experimental configurations it 
is demonstrated that these changes have relatively little impact 
on the parameters if the geometry of the power module 
remains the same. Therefore, once the power module design is 
fixed, changes to the number of modules and their relative 
layout do not influence the parameter estimation results, 
reducing the calculation load. 
The inclusion of a disturbance observer in this model is 
important as it allows the model to adjust for errors caused by 
errors in the power losses estimation and inaccuracy in 
parameters estimation and uncertainties in the environmental 
and operating conditions. It is also worth noting that the air 
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temperature is a much simpler value to measure than the 
power dissipation, making it a more suitable input for the 
disturbance observer. The resulting model is shown to exhibit 
good accuracy and tracking capability, even under complex 
transient conditions, showing good correlation with the results 
obtained from a range of experimental tests. The method is 
computationally simple and therefore suitable for real-time 
application in industrial applications.  
APPENDIX 
Equations (1) and (2) can be derived by inspection from the 
thermal network in Fig. 2, where 𝑋1,…,4 are the temperature 
rises across the respective capacitances. 𝐶1 𝑑𝑋1𝑑𝑡 + 𝑋1𝑅1 = 𝑃𝑙𝑜𝑠𝑠 − 𝑋1 + 𝑋2 + 𝑋3 − 𝑋4𝑅𝑗𝐵  
Then the above equation can be rewritten as  𝑑𝑋1𝑑𝑡 = − 1𝐶1 ( 1𝑅1 + 1𝑅𝑗𝐵)𝑋1 − 1𝐶1 𝑋2𝑅𝑗𝐵 − 1𝐶1 𝑋3𝑅𝑗𝐵 + 1𝐶1 𝑋4𝑅𝑗𝐵 + 𝑃𝑙𝑜𝑠𝑠 
Similarly 𝑑𝑋2𝑑𝑡 = − 1𝐶2 𝑋1𝑅𝑗𝐵 − 1𝐶2 (−( 1𝑅2 + 1𝑅𝑗𝐵)𝑋2) − 1𝐶2 𝑋3𝑅𝑗𝐵 + 1𝐶2 𝑋4𝑅𝑗𝐵 + 𝑃𝑙𝑜𝑠𝑠 𝑑𝑋3𝑑𝑡 = − 1𝐶3 𝑋1𝑅𝑗𝐵 − 1𝐶3 𝑋2𝑅𝑗𝐵 − 1𝐶3 (−( 1𝑅3 + 1𝑅𝑗𝐵)𝑋3) + 1𝐶3 𝑋4𝑅𝑗𝐵 + 𝑃𝑙𝑜𝑠𝑠 𝑑𝑋4𝑑𝑡 = 1𝐶4 𝑋1𝑅𝑗𝐵 + 1𝐶4 𝑋2𝑅𝑗𝐵 + 1𝐶4 𝑋3𝑅𝑗𝐵 − 1𝐶4 (−( 1𝑅4 + 1𝑅𝑗𝐵)𝑋4) 
With simple reordering, the above equations can then be put 
into state-space formulation in equations (1) and (2). The 
parameters of the Foster network are: 
 
Estimated Parameters 
 𝑅1 1.71 𝑅2 3.59 𝑅3 2.40 𝑅4 11.27 𝑅𝑗𝐵 3.33 𝐶1 37.41 𝐶2 1.17 𝐶3 22.39 𝐶4 4.10 
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